ABSTRACT: To enhance our current understanding of the evolution of intertidal marine species, we investigated the phylogeographic population structure of the Cape sea urchin Parechinus angulosus using cytochrome c oxidase subunit I (COI) mitochondrial and receptor for egg jelly protein 9 (SpREJ9) nuclear DNA (nDNA) sequence data. The species shows variation in colour form, has a wide distribution along the southern African coastline, a broadcast mode of reproduction and probably a fairly long post larval development. Despite the prediction that species with such life history traits will show shallow genetic differentiation among sampling sites, high levels of population differentiation were obtained among many of the 18 sampling localities. The trend was particularly strong along the west coast Namaqua biogeographic province of southern Africa where the structure was also correlated with local upwelling. Larval dispersal broadly corresponded with oceanic currents and 2 distinct geographic genetic groupings were detected. The first grouping represents most individuals sampled along the cool temperate west coast, while the second comprises individuals sampled from the south and east coasts of southern Africa. The genetic separation of P. angulosus individuals is in the vicinity of a recognized biogeographic barrier (Cape Point), and is supported by geneflow analyses, parsimony haplotype networks for both nDNA and mtDNA data, and a mtDNA Bayesian analyses of population structure. Expansion events for the Cape sea urchin, and the divergence time estimates between the 2 assemblages, centre around the last glacial maximum and provide substantial support that glaciations and associated lowering and rising of sea levels significantly affected marine rocky shore organisms along the southern African coastline.
INTRODUCTION
Understanding population connectivity and geneflow in the marine environment is critical for informing conservation strategies related to the establishment of marine protected areas and other conservation measures (Kelly & references therein, Waters et al. 2010) . Recent regional phylogeographic reviews comparing a large number of marine faunal lineages support the hypothesis that biogeographic barriers, together with life history traits, play an important role in speciesspecific geneflow patterns (e.g. Ross et al. 2009 , Kelly & Palumbi 2010 , Sivasundar & Palumbi 2010 . It is clear from these studies that connectivity at the regional scale is the result of interactions between life history (including larval behaviour), ocean currents, upwelling, population identity, and habitat availability (Avise 1992 , Sherman et al. 2008 . For example, it has been suggested that weak upwelling contributes to high levels of larval settlement while strong upwelling may limit larval settlement (Sivasundar & Palumbi 2010) . However, the effect of upwelling is also dependent on larval behaviour and factors such as different pelagic larval duration times among species (Ross et al. 2009 ). Importantly, seasonal shifts in currents and upwelling, coupled to the timing of reproduction, can also have significant consequences for the transport and recruitment success of immature stages (Largier 2004 , Levin 2006 .
The southern African coastline has several unique features that can potentially influence the dispersal and successful recruitment of marine larvae. It is primarily characterized by 2 opposing current systems that differ markedly in temperature, which define at least 3 biogeographic provinces. The eastern side, known as the subtropical East Coast Province (Algoa Bay, South Africa, to the northern borders of the Kwazulu Natal coastline) embodies large stretches of sandy shores flanked by the southwards flowing~2 4°C Agulhas Current ( Fig. 1 ; Griffiths et al. 2010) . The western shoreline known as the cool-temperate Namaqua Province (Lüderitz, Namibia to Cape Point, South Africa) has typically more mixed rocky and sandy habitats, with the oceanic circulation in this region dominated by the northward flowing ~12°C Ben guela Current ( Fig. 1 ; Griffiths et al. 2010 ) and several strong upwelling cells (Shannon 1985 , Laudien at al. 2003 . The south coast, known as the warm-temperate Agulhas Province (Cape Point to Algoa Bay, South Africa) encompasses a mixture of rocky shores and sandy beaches and, while still forming part of the Agulhas Current system, temperatures are on average ~17°C (see Fig. 1 ; Griffiths et al. 2010) . Seasonal wind driven upwelling (Shannon & Nelson 1996 ) also occurs in this region. The exact spatial boundaries between biogeographic provinces are not strictly defined since there are some seasonal shifts in coastal currents. The most pronounced transition zone between biogeographic provinces is across the south-western point of Africa, the Cape of Good Hope (Cape Point; Griffiths et al. 2010) .
To further our understanding of factors affecting geneflow along rocky shore habitat, we selected the Cape sea urchin Parechinus angulosus. It is the most widespread of southern African echinoids with a geographical range extending from Lüderitz just north of the Orange River mouth in Namibia to Umhlali in northern Kwazulu-Natal, South Africa , Day & Branch 2002 ; see Fig.1 ). Individuals of the species are found in the mid to lower zone of rocky shores and, as grazers, they play a key role in ecosystem function (Fricke 1978 , 1980 , Stuart & Field 1981 . They can form dense aggregations (Fricke 1978) , reach sexual maturity at 1 to 2 yr (i.e. generation time), broadcast spawn up to 2 times per year (Greenwood 1980) , and probably have a fairly long post larval development time (based on other urchin species; Lamare & Barker 2001 , Contins & Ventura 2011 . The Cape sea urchin also exhibits unique variation in colour among individuals (pink, purple and red), but there is an apparent random distribution of colour forms throughout the geographic distribution. The latter poses an additional enigmatic layer of complexity when studying the phylogeographic history of this species since evidence exists that urchin colour morphs can show assortative mating (Calderón et al. 2010) .
Aside from the effect of the interplay between life history traits and biogeographic barriers on geneflow, long-term historical climatic and oceanographic change are often cited as additional factors causing marine population structuring and species diversification (e.g. Jacobs et al. 2004 , González-Wevar et al. 2010 , Marko et al. 2010 , Teske et al. 2011 . For example, Lessios et al. (2001) illustrate the importance of glaciation (changes in sea levels with associated variation in oceanic currents) in the historic distribution of sea urchins; however, a recent comprehensive review indicted that such a situation is more complex (Marco et al. 2010) . In a southern African context, during glacial maxima (e.g. 22 000 yr ago), the southern coastal plain (Agulhas Bank) became exposed when sea levels dropped to 120 m below current levels. Glacial terminations, on the other hand, cause abrupt changes in habitat over short periods of time (Compton 2011) . Associated changes in oceanic circulation during these periods also resulted in the formation of extensive coastal dune fields along the west coast Namaqua Province (Roberts et al. 2011) , temporarily destroying urchin habitat. Indeed, the Agulhas Bank has been implicated as a refuge for marine intertidal organisms (von der Heyden et al. 2010) , and it seems reasonable to suggest that the west and east coasts of southern Africa, where the continental shelf runs close to the shore, would provide less suitable habitat for intertidal species during times of glaciation. We hypothesize that sessile organ isms such as Parechinus angulosus would be more vulnerable to sudden changes in habitat because their range shifts and extensions is mainly dependent on successful larval settlement.
The common occurrence, variation in colour forms, broadcasting mode of reproduction, along with the large distribution range of Parechinus angulosus (spanning the various unique physical attributes of the southern African coastline), makes this species a relevant candidate with which to study evolutionary biogeography in marine rocky shore invertebrates. Since assortative mating among colour morphs (see Manier & Palumbi 2008 , Calderón et al. 2010 can obscure phylogeographic interpretations, we first had to confirm that random mating occurs among the different co-occurring colour morphs at each site. Secondly, we investigated the fine-scale population structure of P. angulosus and hypothesised that this species would display high levels of population connectivity given its larval dispersal ability and abundance. However, based on the outcome of previous studies, it seemed reasonable to hypothesise that factors such as upwelling and biogeographic barriers in the region could also influence the pattern obtained (Avise 1992 , Waters 2008 , Ross et al. 2009 , Kelly & Palumbi 2010 . Finally, we investigated the influence of palaeoclimatic changes on the genetic structure of the species and hypothesised that, as in previous studies of other rocky shore species (von der Heyden 2009, Marko et al. 2011 , Panova et al. 2011 , Teske et al. 2011 , demographic change could be linked to the climatic events around the last glacial maximum. By comparing the outcome of the present study to various findings worldwide (Avise 1992, Ross et al. 2009 , Kelly & Palumbi 2010 , Marko et al. 2011 , it should be possible to gain a better understanding of the complex evolutionary forces influencing population connectivity in the marine realm.
MATERIALS AND METHODS

Sampling protocol and gene selection
Individual animals were collected from tidal rock pools by hand and either frozen at −5°C or preserved in 100% ethanol. A total of 505 individuals were collected from 18 localities along the southern African coastline (Table 1, Fig. 1 ). The widely used mitochondrial cytochrome oxidase subunit I (COI; also see Bermingham & Lessios 1993 , Edmands et al. 1996 , Debenham et al. 2000 , Lessios et al. 2003 ) and a nuclear Receptor for Egg Jelly Protein 9 (SpREJ9) from the PKD1 gene family of sea urchins (Gunaratne et al. 2007 ) was used. The PKD1 family of proteins is composed of large transmembrane glycoproteins that bind to smaller proteins to regulate signal transduction pathways and ion channel activities (Gunaratne et al. 2007 ). The subfamily of 10 SpREJ proteins is mainly composed of sperm plasma membrane proteins involved with sperm cell recognition (and potentially play a vital role in successful fertilization and the development of the fertilised egg; Gunaratne et al. 2007 ).
Data generation
Total genomic DNA was extracted from gonad tissue using standard protocols accompanying the DNEasy Kit (Qiagen). The mitochondrial DNA (mtDNA) COI gene was amplified and sequenced using the universal primers HCOI2198 (Folmer et al. 1994 ) and 16SB (Palumbi et al. 1991) . The nuclear DNA (nDNA) fragment was amplified using the primers SpREJ9f and SpREJ9r (Gunaratne et al. 2007) . PCR reactions were performed in 25 µl volumes containing: 1 µl of extracted DNA (diluted by 1:100 DNA:H 2 O for mtDNA amplification), 2.5 µl of 10 × PCR reaction buffer, 1.25 µl of each respective primer (0.1 µM), 2.5 µl dNTPs (0.2 mM), 2 µl Mg 2+ (1.5 to 2.5 mM), 0.1 µl of Super-Therm BioTaq DNA polymerase (Super-Therm) and distilled water. PCR cycling conditions were standard, and an annealing temperature of 45°C was used for the mtDNA and 55°C for the nDNA. Small aliquots of PCR product were separated and visualised via use of 1% agarose gels containing ethidium bromide. Gel purification was carried out using the Wizard SV Gel and PCR Clean-Up System (Promega). The purified products were cycle-sequenced using BigDye Terminator version 3.1 chemistry (Applied Biosystems) and analysed on an Applied Biosystems 3100 automated sequencer.
Data analyses
Sequences were edited and aligned in BioEdit version 7.0.9.0 (Hall 1999) , and authenticity was confirmed by BLASTN (http://blast.ncbi.nlm.nih.gov) searches. mtDNA sequences were also translated to amino acids; no stop codons were ob served. nDNA alleles were determined using the program Phase version 2.1 (Stephens et al. 2001) . Haplotypes for both the mitochondrial and nuclear sequences were determined using Collapse 1.2 (Clement et al. 2000) .
To determine whether random mating occurs among different colour morphs, 69 mtDNA se quen - ces and 86 nDNA sequences (consisting of randomly chosen individuals from each colour type sampled throughout the range) were selected for parsimony analysis in PAUP 4.0 (Swofford 2000) . Searches were performed using a heuristic search and tree bisection-reconnection (TBR) branch-swopping and 10 ran dom addition of taxa. Support for nodes were assessed using 100 bootstrap replications.
In the absence of genetic differentiation among colour morphs, all samples from all localities were treated as the same species (evolutionary unit) and in addition each of the 18 sampled localities (17 for SpREJ9) were treated separately. Standard diversity indices in the form of haplotype/allelic (h, Nei & Tajima 1981) and nucleotide (π, Nei & Li 1979) diversity and the number of polymorphic sites were calculated using Arlequin 3.1 (Excoffier et al. 2005) . Analysis of molecular variance (AMOVA) using a non-parametric permutation approach (with 10 000 iterations), as well as the calculation of pairwise Φ ST values among sampling sites, were conducted in Arlequin 3.1. To depict the evolutionary relationships among haplotypes, statistical parsimony networks were constructed using the program TCS version 1.21 (Clement et al. 2000) .
To determine potential population structure without a priori assumptions, a Bayesian analysis of population structure (BAPS; Corander et al. 2003 Corander et al. , 2008 was used for both the mtDNA and nDNA data sets. The latitude and longitude coordinates for each sampling location were obtained using Google Earth ® and verified with MapSource ® software (Garmin ® ). To determine whether any potential population structure could be ascribed to geographic distance, isolation by distance (IBD) analyses was done using a Mantel test and 10 000 permutations in Arlequin 3.1. To exclude the possibility that transition zones could act as barriers to geneflow and skew results obtained from a larger scale IBD analysis (e.g. Teske et al. 2007 and references therein, Teske et al. 2009 ) data from each biogeographic region was also analysed separately.
Migrate-n version 2.4 (Beerli & Felsenstein 1999 ) was used to infer the effects of the direction of oceanic currents on long term larval dispersal. A stepping-stone model with asymmetrical geneflow was assumed (e.g. von der , and 2 systematic runs were conducted: an initial short run, followed by a second longer run. Population fixation index values were used as priors (Beerli & Felsenstein 1999 ) and a total of 50 000 and 12 500 000 genealogies (recorded steps multiplied by the sampling increment) were visited by the short and long chains, respectively. For both the short and long chains, the first 10 000 genealogies were discarded (the burn-in). An adaptive heating scheme with 4 chains (starting values of 5.00, 2.50, 1.50, 1.00) and a swapping interval of 1 was used to ensure that efficient mixing occurred. Default values were implemented for all other settings.
To gain further insight with respect to the underlying demography of the species, Fu's F S (Fu 1997 ) test was carried out in addition to mismatch distributions (Harpending 1994) as implemented in Arlequin 3.1. The time of population expansion for all sampling localities combined, as well as separately for the Namaqua, Agulhas and East Coast Provinces, was calculated with the formula T = τ/2 µ, with τ being calculated in Arlequin 3.1. The generation time for Parechinus angulosus was set to 1.5 to 2 yr (Greenwood 1980) and a mutation rate (μ) varying between 1.6 to 2.6% per million yr (Hickerson et al. 2003 ) was used. MDIV (Nielsen & Wakeley 2001 ) was used to calculate the divergence time between the 2 most genetically divergent mtDNA groups of P. angulosus. Three simulations were run with 2 × 10 6 , 5 × 10 6 , and 10 × 10 6 generations; all had a 10% burn-in and the same mutation rate was used as outlined above (Hickerson et al. 2003) .
RESULTS
No clear clustering pattern emerged when either the mtDNA (COI) or the nDNA (SpREJ9) data were analysed under the prediction that differentiation could be present among colour morphs. Both parsimony trees resulted in polyphyletic associations among different colour morphs, and several nodes clustering individuals belonging to different colour forms were supported by > 90% bootstrap (data not shown). In fact, many different colour morphs shared identical DNA haplotypes/alleles further suggesting the absence of evolutionary differentiation among colour morphs.
The 505 sea urchins sequenced generated199 mtDNA haplotypes (of 790 bp length) of which 164 were unique and 35 shared among individuals (GenBank accession numbers KC005306 to KC005504). A large number of unique haplotypes were found, which is reflected in a high haplotype diversity index (h = 0.95 ± 0.01). Most individuals, however, shared a couple of common haplotypes, which is reflected in the overall low nucleotide diversity (π = 0.0134 ± 0.0067; Table 1 ). nDNA amplification was per formed on a selection of the sample representing all 199 mtDNA haplotypes.
The Namibian samples included in the mtDNA analyses were characterized by degraded DNA samples and failed to amplify for the nDNA. Some additional unique haplotypes also failed to amplify despite several attempts. The final nDNA data set comprised 145 in dividuals revealing 72 unique nDNA alleles (GenBank accession numbers KC 005505 to KC 005649). Due to ex treme inter-individual variability in the intron region of SpREJ9, only 182 bp of the coding part of the gene was included in the analyses. Many of the alleles (69.4%) were restricted to single sampling sites. When compared to values obtained for the mtDNA, nuclear allelic diversity (h = 0.86 ± 0.01) was lower and the nucleotide diversity was slightly higher (π = 0.0252 ± 0.0137). A similar general pattern is re flected when these statistics were determined for each sampling site separately (Table 1) .
Pairwise mtDNA Φ ST values among sampled localities indicated significant population differentiation among sampling sites (Table 2) . With the exception of 3 pairwise comparisons, all the sampling sites from the Namaqua Province (localities 1 to 7) showed significant differentiation among sampling sites and this trend was extended to also include significant differentiation to all other populations in the other 2 biogeographic provinces (localities 1 to 7 vs. 8 to 18; Table 2 ). The nDNA data did not show the same level of population differentiation among sampling sites, which amongst other ex planations, is most likely due to the larger effective population size of the nuclear markers and their slower coalescent times (Table 2) .
A significant relationship between genetic and geographical distance was detected by the Mantel test (R 2 = 0.58, p < 0.05) but only for the mtDNA data. When each region was analysed separately, the mtDNA isolation-by-distance pattern remained significant for the Namaqua and Agulhas Provinces (R 2 = 0.63, p < 0.05 and R 2 = 0.47, p < 0.05, respectively) but not for the East Coast Province.
BAPS analyses identified 2 groups within the mtDNA data set (Fig. 2) : a west coast Namaqua Pro vince group consisting of Jacobsbaai and all localities to its north, East Coast Province (see Fig. 1) and a south coast Agulhas Province group which includes the 2 most southern Namaqua Province localities (6 and 7), as well as all the other localities up to Port St Johns in the East Coast Province. The level of certainty for this pattern was supported by a virtually flat 3 dimensional landscape (data not shown; Corander et al. 2008) . In agreement with the outcome of the pairwise Φ ST comparisons for the nDNA data set, and the lack of isolation-by-distance for the same data, the BAPS analyses also failed to identify significant SpREJ9 group structure.
The mtDNA parsimony haplotype network revealed several distantly related common haplotypes distributed throughout the range of the species (Fig. 3a) , a pattern typically attributed to a more stable evolutionary history. The number of private haplotypes at each locality ranged from 3 at Jeffrey's Bay to 26 at Betty's Bay. In addition, 10 singleton haplotypes (not statistically connected to any other haplotype) were recovered, with an additional 2 connected to one another by a single site change. These unique haplotypes mainly originate from the edges of Parechinus angulosus' range and further support the significant isolation-by-distance result obtained from the mtDNA data set. At the larger geographic scale, 1 common haplotype was present in the Namaqua Pro vince, with 3 different common haplotypes in the Agulhas and East Coast Provinces (Fig. 3a) . The majority of haplotypes found in the Nama qua Pro vince differ by at least 14 site changes to those found along the rest of the South African coastline and the biogeographic regional differentiation between haplotypes is clearly visible when the 3 provinces are compared to each other (Fig. 3a) . In contrast to all other nDNA analyses, the nuclear haplotype network shows a similar trend to that found for the mtDNA and supports the genetic differentiation between the Namaqua Province and the remainder of the sampling sites (Fig. 3b) .
Interestingly, coalescent geneflow analyses of both nDNA and mtDNA revealed a predominantly bidirectional scenario of geneflow for Parechinus angulosus populations distributed along the southern African coast (Fig. 4) . When regional comparisons were made, the effects of oceanic circulation on the dispersal of larvae were more visible. In the Nama qua Province, geneflow appeared to be predominantly in a northward direction, following the direction of the Benguela Current, with very little migrant exchange between Namibia and Port Nolloth (Fig. 4) . In the Cape Point region, there were high levels of geneflow from east (Wooley's Pool) to west (Kommetjie; Fig. 4 ) but interestingly much lower geneflow in the opposite direction.
Geneflow was more bidirectional in the Agulhas and East Coast Pro vinces (Fig. 4 ). Fu's F S test for all sites combined was highly negative and significant (−23.79, p < 0.05) and individual analyses for some of the sampled localities also showed strong deviations from equilibrium. In most in stances the mismatch distributions (data not shown) support population expansions. When analysed separately, the west coast urchins had a much later expansion date of around 4000 yr, compared to 210 Fig. 4 . Southern African coastline showing directionality of geneflow for Parechinus angulosus mtDNA (cytochrome c oxidase subunit I: sampling localities 1 to18 along the top) and nDNA (SpREJ9: sampling localities 2 to 18 below). The 3 major marine biogeographical provinces of the coast are indicated at the bottom of the figure. Directionality of geneflow is indicated between populations by arrows; numbers above and below the arrows denote the relative migration rates (with their associated confidence intervals). Map modified after von der those from the south and east coast, for which expansion was estimated at around 30 00 yr ago. MDIV analyses suggest that individuals from the Namaqua Province became separated from the Agulhas and East Coast Province populations at least 4000 yr ago.
DISCUSSION
Colour variation in the Cape urchin
Neither the COI nor the SpREJ9 data revealed any significant phylogenetic associations among individuals belonging to the 3 different Parechinus angulosus colour forms. This lack of congruence between the genetic data and the colour morphs is in line with previous echinoid studies (Boissin et al. 2008 , Vardaro 2010 ; but see Calderón et al. 2010 , Binks et al. 2011 . Since individuals of different colours are often found in the same pools, it seems reasonable to conclude that mating and fertilization between colour morphs is indiscriminate.
Population genetic structure and geneflow
Our first hypothesis tested whether population genetic structure would: (1) be comparable to that of other southern African rocky shore marine species, or (2) be significantly reduced given the presumably large effective population size of the species, broadcast spawning life-history, and potentially greater dispersal of long lived larvae. Although life-history is not always a good indicator of dispersal potential (Ayre et al. 2009 , Ross et al. 2009 , Sivasundar & Palumbi 2010 , it is nonetheless an important consideration in a study such as this one.
When examining broad-scale patterns found in our study, it is possible to add additional descriptive evidence that can be used to interpret the processes which may drive population level structure along the southern African coastline (see Teske et al. 2011) . Our data strongly support Cape Point as a region characterized by genetic discontinuities. The complexity of factors affecting larval dispersal in the marine environment, however, makes it difficult to establish causes of vicariant breaks. Our study, nonetheless, supports the notion that the broad-scale oceanic circulation in this region has been temporally and spatially fairly stable contributing towards vicariance in the Cape Point region (Lessios et al. 1999 , McCartney et al. 2000 , Teske et al. 2006 ). It has also been proposed that physiological adaptations of individuals belonging to genetic assemblages on either side of Cape Point could reinforce population genetic structuring in this region (see Teske et al. 2011 for a review). In the case of the Cape sea urchin, should some Agulhas Province larvae be successfully transported around Cape Point (see Fig. 4 ), temperature differences might prevent settlement, growth or reproduction, and these will in turn contribute towards genetic isolation of the west coast Parechinus angulosus populations.
Closer inspection of the geneflow analyses reveals that the Cape sea urchin data lend weak support for impediments to geneflow in the Algoa Bay region (Fig. 4 in this paper ; also see von der . This differen tiation is shallow, and factors promoting genetic divergence in this region could be localised oceanographic features such as winddriven counter cur rents, as well as seasonal upwelling (Goschen & Schuman 1995 , Lutjeharms et al. 2000 . Interestingly, Parechinus angulosus does not seem to be affected by the genetic break identified at Cape Agulhas, which is pronounced in other South African marine species (e.g. Evans et al. 2004 , Teske et al. 2006 , as geneflow appears to occur readily across this region (Neethling et al. 2008) .
At the species level, the strong pattern of pairwise population differentiation, and markedly reduced geneflow estimates among several Cape sea urchin populations (Fig. 4) , is unexpected in a generalist broadcast spawning species with long-lived planktonic larvae. It has, however, been previously hypothesized that, apart from oceanic circulation patterns, phylogeographic structure in the marine environment can also be the result of local upwelling, larval behaviour, recruitment stochasticity, freshwater plumes from rivers and habitat availability (e.g. Greenwood 1980 , Lessios et al. 2003 , Banks et al. 2007 , Neethling et al. 2008 , Ross et al. 2009 , Hodgson 2010 . The strong differentiation among populations occurring in the rocky Namaqua Province seems to support the notion that large stretches of presumably suitable habitat do not necessarily improve geneflow among sampling sites. Self-recruitment (Cram 1971 , Levin 2006 , Pineda et al. 2009 ) and recruitment stochasticity (Greenwood 1980) are not in conflict with the patterns obtained in our study, but these are more difficult to assess. We propose that, apart from the direction of oceanic currents, the majority of the fine-scale structure seen among sampling sites is likely attributed to local upwelling cells (possibly also coupled to larval behav-iour; see Ross et al. 2009 and references therein) , and this could be further affected by the periodic formation of extensive coastal dune fields in the region (Roberts et al. 2011 ). In the Namaqua Province, where several strong upwelling cells are present (Shannon 1985 , Laudien et al. 2003 , Parechinus angulosus shows strong population differentiation (Table 2 & Fig. 4 ) while seasonal upwelling along the Agulhas Province is more wind-dependent and not as intense, providing a more permeable barrier to larval dispersal and thus less structure among sampling sites (Shannon & Nelson 1996) . Notably, for the rocky shore clinid Clinus superciliosus, significant population genetic structuring was also observed along the west coast ). This warrants further investigation into population genetic structuring of marine species found along the west coast, as this suggests the presence of fine-scale oceanographic processes driving population (and potentially species) diversification in this fragile and threatened environment.
The importance of oceanic circulation is well illustrated by the nDNA and mtDNA geneflow analyses (Fig. 4) . Among the comparisons for the Namaqua populations all but one suggest a predominantly northern direction of geneflow (Fig. 4) supporting a strong uni-directional northward dispersal of larvae (in accordance with the northward flowing Benguela current). For the Agulhas and East Coast Provinces, geneflow was much more bidirectional (5 comparisons suggest east/north-east and 6 comparisons suggest a counter west/south-west direction; Fig. 4 ). More importantly, the mtDNA and nDNA analyses suggest very little (< 2 migrants per population maximum; Fig. 4 ) to no geneflow from west to east around Cape Point (from Mouille Point to Kommetjie to Wooley's Pool, Fig. 4 ). This pattern was also shown for the rocky shore fish Clinus cottoides ) and may be linked to eddies associated with the Agulhas Current that mix with the northward flowing waters of the Benguela Current (Shannon 1985 , Lutjeharms 2006 , Reason et al. 2006 . No welldocumented counter mechanisms exist in this region to facilitate gene-exchange in the opposite direction. Although upwelling in the Cape Point region cannot be ruled out as another contributing factor that reinforces the distinction of the 2 genetic clades obtained (Shannon & Nelson 1996 , Laudien et al. 2003 , Lessios et al. 2003 , Banks et al. 2007 ), we believe a strong case can be made that the flow of the Agulhas and Benguela Currents is one of the main drivers of the divergence found among Pare chinus angulosus sampling sites.
Paleoclimate as an agent of diversification
Our second hypothesis focused on the influence of Pleistocene climate change, especially glacial cycles, as a factor contributing towards the diversification in this rocky shore species (also see Marko et al. 2010) . The stronger structure amongst populations in the Namaqua Province could also be explained when the effects of Pleistocene climate changes are superimposed on the genetic patterns observed. The high haplotypic and low nucleotide diversity (Table 2 ), significant Fu's F S values, unimodal mismatch distributions and haplotype sharing among several localities support a signature of a population bottleneck followed by a recent population expansion. Expansion estimates for the Cape sea urchin differ between localities. For the south and east coast urchins, expansion estimates suggest population growth before the last glacial maximum around 30 000 yr ago, whereas for the west coast populations, this is far later, only 4000 yr ago. This is particularly interesting as it suggests that the south and east coast populations were more stable through the glaciation, which is also supported by the many older and more divergent haplotypes in the network (Fig. 3a) . The Namaqua Province is characterized by only a few common haplotypes, and a number of closely related haplotypes connected to these; this pattern reflects a more recent founder event when compared to that of the Agulhas and East Coast Provinces, which has fewer unique haplotypes. Whether the reduction and subsequent expansion of populations is related to changes in the availability of habitat, or is due to temperature and other abiotic factors, is as yet unknown. However, southern African fishes, as well as crustaceans, have been found to also share recent expansion signatures similar to that observed for Parechinus angulosus (Tolley et al. 2005 , Gopal et al. 2006 , von der Heyden et al. 2010 , and it is likely that this pattern extended into the southern Atlantic Ocean (von der ).
The Agulhas Province populations exhibit a high number of shared haplotypes, and it is noteworthy that the Betty's Bay region was observed to be the most diverse according to number of private haplotypes/alleles (Table 1 ) and Jeffrey's Bay was observed to be the most diverse according to mtDNA haplotype and nucleotide diversity (h = 1.00 ± 0.50, π = 0.0385 ± 0.0411). Interestingly, the Betty's Bay region is also characterized by the Hangklip and Danger point ridges that were exposed during the last glacial maximum (Compton, 2011) , which makes this region ideal for providing suitable refugia to intertidal rock dwellers such as sea urchins (also see Matthee et al. 2007 . Importantly, during glacial maxima these ridges extended up to 70 km south and may have severely affected oceanic circulation in the region and thus contributed further to emphasise Cape Point as a dispersal barrier.
Broader inferences on rocky shore phylogeography
The phylogeographic pattern obtained for the sea urchin Parechinus angulosus supports the predictions that life history and biogeographic barriers are both important factors influencing larval dispersal in the marine environment (also see Sherman et al. 2008 , Ross et al. 2009 , Kelly & Palumbi 2010 . The present study indicated clear genetic differentiation between urchins sampled in the Namaqua Province versus the Agulhas and East Coast Provinces. The geographic position of this break corresponds very well to Cape Point, which is a major marine biogeographic boundary in South Africa (Griffiths et al. 2010 , Teske et al. 2011 ) and lends further support to the notion that genetic discontinuities in marine species often coincide with major biogeographic boundaries (Avise 1992 , Burton 1998 , Kelly & Palumbi 2010 .
Life history can also clearly play an important role in predicting geneflow among populations (Sherman et al. 2008 , Ross et al. 2009 , Kelly & Palumbi 2010 , Sivasundar & Palumbi 2010 , but the outcome of our study emphasises that linking life history with oceanic circulation is very complex. Despite a broadcasting mode of reproduction and probably a fairly long post larval duration time (that would suggest lower levels of genetic differentiation), the 2 Parechinus angulosus genetic assemblages show different levels of differentiation among sampling sites. The near absence of significant population differentiation among the Agulhas and East Coast Provinces, and the marked significant differentiation among populations samples in the Namaqua Province suggest that apart from life history characteristics, differences in the oceanographic circulation patterns are equally important in shaping rocky shore marine phylogeography. Along the Agulhas coast, where seasonal upwelling is predominantly wind driven (Shannon & Nelson 1996) , little genetic structure exists and this is further supported by estimations of bidirectional geneflow. Along the west coast of southern Africa, where the continental shelf is narrow, upwelling probably plays a more important role in restricting larvae to mix with neighbouring populations. In a comprehensive analysis by Ross et al. (2009) , however, it was indicated that upwelling alone cannot easily be linked to population differentiation and larval behaviour could be equally important in such instances.
The effects of Pleistocene climatic changes on north-eastern Pacific rocky shore species have recently been investigated, and conclusions drawn from 14 species indicated that half of these show a pattern of long-term stability in population sizes throughout the last glacial maximum, whereas it was predicted that 36% of the species had been severely affected by these climatic changes (Marco et al. 2010) . Our results, when compared to other marine studies from the region (Tolley et al. 2005 , contribute towards this growing body of evidence investigating the real effects of climate change on marine biodiversity. It is induced that the lowering of sea levels generally restricts geneflow among rocky shore populations of the Namaqua Province and provides more habitat for individuals along the Agulhas Province. From a conservation perspective our findings highlight the need to further investigate fine-scale population connectivity along the southern African coastline since the complexity of the system is far from being adequately understood. 
